ABSTRACT: Two newly designed microparticle diets (MD), with two kinds of peptide (C700 and C800) as a protein source were developed. Microparticle diet Q (MD-Q) contained C700 (molecular weight ~ 30 000 Da) and C800 (molecular weight 1000-2000 Da); in contrast, microparticle diet T (MD-T) contained C700 only. Two separate trials, representing larvae from different hatches, were conducted. Japanese flounder Paralichthys olivaceus larvae were fed newly designed MD or a combination of them with live food (LF) between 3 and 10 days after hatching (d.a.h.) in experiment I, or between 11 and 20 d.a.h. in experiment II, and compared them to LF and a commercial diet (CD) feeding groups. The growth and survival rates in both experiments were the highest in the LF treatment. But in the microparticle treatment larvae fed MD-Q had a higher survival rate and better growth than those fed MD-T, either alone or in combination with LF. First-feeding larvae fed on MD-Q had a 20.5% survival rate and 1.12 mm gain by 10 d.a.h. Unfed larvae died within 6 d.a.h. These results indicate that using a mixture of different molecular weight peptides is good protein sources and also this type of microparticle diet can be applied to flounder from larval to juvenile stages.
INTRODUCTION
Rotifers Brachionus plicatilis , B. rotundiformis, and Artemia nauplli have been used as live foods (LF) for the larval stage of marine fish since the seedling production was established. However, high costs including facilities and labor are required to produce these LF. Moreover, the LF has to be nutritionally enriched due to its deficiency of n-3 highly unsaturated fatty acids (HUFA) prior to being fed to larvae. [1] [2] [3] In contrast, microparticle diets are easy to dispense, have a long shelf-life under proper storage conditions and the nutritional quality can be controlled. In order to reduce the dependence of marine larvae on LF, many researches have been done on microparticle diets (MD) for fin-fish larvae. [4] [5] [6] [7] [8] [9] [10] [11] [12] But only a limited success has been achieved in the complete replacement of LF, partially due to its poor performance in stabilizing the water quality, and poor palatability and digestibility. Japanese flounder Paralichthys olivaceus is the main species for culture and release in Japanese coastal areas. So far, land-based culture systems for Japanese flounder have expanded; it was estimated that a large number of fry will be needed for farming in the future.
Larvae at the early developmental stages have an undifferentiated digestive system with digestive and absorptive mechanisms for protein that differ from the adult. In larvae, entire peptides are absorbed through the intestine epithelium microvilli by rectal cells via pinocytosis, and subsequently by the lysosomal system. The thickness of microvilli is no more than 10 nm so protein molecules must be small enough to pass through the microvilli for intracellular digestion. [13] [14] [15] In the present study, our focus was on developing a new manufacturing method and searching for a highly digestible protein source for use of MD in the early developmental stage of Japanese flounder larvae.
MATERIALS AND METHODS
Two feeding experiments were conducted. Japanese flounder larvae were fed MD or a combi- 
Experimental food
The compositions of the newly designed MD used in two experiments are shown in Table 1 . Two types of peptides, C700 and C800 were used together as a protein source in MD-Q and C700 alone in MD-T. Peptide C800 and C700 were made from milk casein treated enzymatically. The molecular weight of C700 is approximately 30 000 Da, and that of C800 is 1000-2000 Da (Morinaga Milk Industry, Tokyo, Japan). Fatty acid-Ca-salt (Taiyo Yushi KK, Kanagawa, Japan) of fish oil was the lipid source; most of the other ingredients were the same for the two diets. A commercial diet (CD; size: 150-250 m m; Nisshin Science, Kanagawa, Japan) contained fish meal, krill meal, cuttlefish meal, egg albumin powder, wheat gluten, animal fat, lecithin, yeast extract, licorice extract, bile powder and additives. A brief step-wise production process for the MD is shown in Fig. 1 . Proximate compositions of MD are also shown in Table 1 . Three sizes of MD (60-90, 90-125, and 125-150 m m) were used. In the LF treatment, S-type rotifers B. rotundiformis and Artemia nauplli were enriched with sharks egg powder (Aquarun; BASF Japan, Tokyo, Japan) prior to being fed to larvae.
Experimental larvae and experimental design
Fertilized eggs of Japanese flounder were obtained from broodstock reared at the National Research Institute of Aquaculture, Fisheries Research Agency. Experimental treatments shown in Table 2 were the same in the two experiments. One thousand five hundred newly hatched larvae and 500 11-day-old larvae (different batch from experiment I) were randomly divided into 14 rearing tanks (100 L; 7 treatments ¥ 2 replicates) in experiments I, and II, respectively. In addition 100 larvae were stocked in 30-L rearing tanks in order to observe the tolerance to the starvation in both experiments.
Experimental conditions and larval rearing
Each tank was supplied with sand-filtered seawater from Gokasho Bay, Mie Prefecture, Japan. The 17 § phospitan C. MD, microparticle diet; MD-Q, C700 + C800; MD-T, C700 only. Table 1. water flow rates for the rearing tanks had a turnover of 1-6 per day during feeding experiments. Water temperature was maintained at 19.5-20.5 ∞ C with a heating system. Rearing tanks were illuminated by fluorescent light sources to provide a 12-h light -12-h dark photoperiod with light intensity between 250 and 400 lx at the water surface. Mild aerations were supplied via one air stone in each tank. pH values were 8.05-8.37. Tanks were cleaned twice daily by siphon.
The amounts fed daily in the trial are presented in Table 3 . The MD and CD were fed at hourly intervals between 08:00 hours and 17:00 hours by hand. In the cofeeding treatment (MD + 1/3 LF), MD was fed to larvae from 08:00 hours to 16:00 hours. The LF was fed once daily at the final feeding (17:00 hours). Larvae in the LF treatment received rotifers from 3 to 20 d.a.h. and Artemia from 11 to 20 d.a.h. at 09:00 hours and 14:00 hours daily.
Observations and measurements
Mortality was recorded when uneaten feed and waste in tanks were cleaned out, then survival rate was estimated. In experiment I, 20 larvae were sampled daily (13:00 hours) from each tank fed MD or LF to observe the feeding incidence and the gut fullness of larvae under a microscope. Feeding incidence and gut fullness were calculated as follows:
where A is the number of larvae with food in gut, B is the total sample number; and C is the number of larvae with different food content in the gut ( + , ++ or +++ ).
Three grades food content in gut (full, +++ medium full, ++ few, + ) were classified by judging the amount of MD in the gut of larvae.
At the end of both feeding trials the larval survival in each tank was determined by counting remaining individuals, and the total length of 30 larvae from each tank was measured. Further, the developmental stages of larvae were classified according to Minami. 18 
Statistical analysis
Growth and survival rate date are presented as the mean ± SE and were subjected to one-way analysis of variance. Fisher's protected least significant difference (PLSD; STATVIEW ) was used to identify differences among the means at P < 0.05. 
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RESULTS

Feeding incidence and gut fullness
Feeding incidences of Japanese flounder larvae in the MD or LF treatment in experiment I are presented in Fig. 2 . The first-feeding larvae had relatively lower feeding incidences not only in the MD treatments (38-40%) but also in the LF treatment (60%). The larvae fed on the newly designed MD had lower feeding percentage than those feeding on LF throughout the experiment, and it was especially low during 7-8 d.a.h., which corresponded to the peak of larval mortality. But the surviving larvae in the MD treatments had a higher feeding incidence compared with the LF treatment during 9-10 d.a.h. Further, there were no significant differences in the feeding incidence among MD (including CD). As regards larval gut fullness in experiment I, larvae with full gut fullness ( +++ ) were not detected until 5 d.a.h. in any of the diet examined, then the number of larvae with the +++ -or ++ -grade gut fullness clearly increased in the MD treatments. Nevertheless a higher percentage of larvae with the + -grade gut fullness were observed in the MD treatments (48-100%) than those in the LF treatment (13-67%) during 3-8 d.a.h. In experiment II, 11-d.a.h. larvae were easily weaned when directly switched from LF to MD, and had an active ingestion of MD. A large amount of MD in their intestine was also observed (data not shown).
Larval growth and survival rates
Experiment I
Larvae fed LF had the highest survival rate (42 ± 2.7%) among the diets, followed by the MD-Q + 1/3 LF treatment (27.3 ± 1.0%) and MD-T + 1/ 3 LF treatment (25.0 ± 2.2%; Fig. 3 ). Larvae fed MD-Q had significantly higher ( P < 0.05) survival rates (20.5 ± 2.2%) than those fed MD-T (9.8 ± 0.7%) or CD (11.0 ± 1.0%). Larvae fed 1/3 LF had the lowest survival rate (6.3 ± 1.0%). The unfed larvae were dead by 6 d.a.h.
In growth performance there was no significant difference between the final mean total length of larvae fed LF (4.97 ± 0.36 mm) and MD-Q + 1/3 LF (4.91 ± 0.25 mm; P > 0.05). The final mean total length of larvae fed MD-Q (4.41 ± 0.21 mm) was significantly greater than that of those fed MD-T (4.17 ± 0.13 mm) or CD (4.26 ± 0.24 mm; P < 0.05). In terms of growth performance there were no significant difference between the MD-T and the CD treatments.
Experiment II
The survival rate of larvae fed LF was the highest (78.9 ± 1.1%) among all the treatments. This was followed by MD-Q + 1/3 LF-(73.3 ± 2.3%) and MD-T + 1/3 LF-fed larvae (69.3 ± 2.4%) but there were no significant differences between them (P > 0.05). Larvae fed CD had the lowest survival rate of Fig. 2 Feeding incidence of Japanese flounder larvae in experiment I. Abbreviations shown in Table 2. 19.0 ± 1.2%, which was significantly lower than that of larvae fed on MD-Q (58.8 ± 5.1%) or MD-T (52.0 ± 5.3%; Fig. 4 ). In contrast, the unfed larvae were dead by 17 d.a.h.
Larvae fed LF had the greatest mean total length (8.40 ± 0.48 mm) at 20 d.a.h., which was comparable to the growth performance of larvae given MD-Q + 1/3 LF (8.16 ± 0.43 mm) and was better than the growth of larvae fed MD-T + 1/3 LF (7.53 ± 0.74 mm; P < 0.05). The MD-Q diet resulted in a significantly greater larval growth than that obtained with the MD-T (P < 0.05). Furthermore, the mean total length of larvae fed CD (5.61 ± 0.24 mm), which was not significantly different from that of larvae fed 1/3 LF (5.71 ± 0.27 mm), was significantly smaller than that of larvae fed solely on MD-Q (6.98 ± 0.47 mm) or MD-T (6.47 ± 0.73 mm; P < 0.05). Larvae fed MD alone had relatively delayed development (stages C,D) compared to those fed LF (stages E,F). No differences in development were observed between the MD-Q + 1/3 LF (stages D,E) and the MD-T + 1/3 LF treatments (stages D,E), although they developed more slowly compared to those fed LF (stages E,F).
DISCUSSION
The weak activity, limited field of vision, and also developmental variations of first-feeding larvae may explain why a low feeding incidence occurred Fig. 3 Mean survival rate and mean total length of Japanese flounder larvae at the end of experiment I. The larvae were 1 day old initially and the initial standard mean length was 3.29 ± 0.38 mm. Error bars represent the standard errors. Letters denote significant differences between the diets (P < 0.05).
T Takeuchi et al. in all the larvae. In contrast, rotifers are mobile and remain in the rearing water between feeding. Conversely, the MD settled on the tank bottom rapidly even if it was delivered to larvae every 1 h. The differences in feeding incidence and gut fullness performance between the MD and the LF treatments may be attributed to the aforementioned reasons. In addition, environmental conditions such as water temperature, light intensity, and water exchange rate that facilitate good sensory activity are most likely necessary for maximizing acceptability. [19] [20] [21] [22] Furthermore, the intrinsic nature of MD, such as its texture, taste, color, size and shape may also affect the acceptability. 23 In the present study the 11-d.a.h. larvae had higher ingestion rates than the first-feeding larvae when switched directly from LF to MD. The result is probably due to the improvement in larval activeness and the development of vision or olfaction rather than the intrinsic nature of the MD.
Larvae of some freshwater species, such as whitefish Coregonus lavaratus, common carp Cyprinus carpio, ayu plecoglossus altivelus and smallmouth bass Micropterus dolomievi have been reared entirely on artificial diets. 24 However, the complete replacement of LF for marine fish larvae has had limited success. The combination of LF with MD has been partly successful in larviculture. 11, 12 Up to 90% substitution of LF has been achieved for 10-d.a.h. larvae of red sea bream Pagrus major and ayu. 6 Similar to other studies, the present study also demonstrates that Japanese Fig. 4 Mean survival rate and means total length of Japanese flounder larvae at the end of experiment II. The larvae were 11 days old initially and the initial standard mean length was 5.53 ± 0.38 mm. Error bars represent the standard errors. Letters denote significant differences between the diets (P < 0.05).
flounder larvae fed MD and LF produced superior survival and growth compared to those fed on MD exclusively. Kolkovski et al. observed the remote influence on MD ingestion by visual and chemical stimuli from LF as well as the direct influence of the LF biochemical compositions on larval digestion and assimilation. 25 In contrast, LF may also contribute exogenous enzymes to the digestion process or provide factors that stimulate larval pancreatic secretions and activate gut zymogens. 26 One important problem encountered in the development of MD for marine fish larvae is the digestibility of the protein. It is related to the intrinsic nature of the food particle and the characteristics of the protein. In past studies the traditional types of MD were microcapsule, microbound and microcoated diets. 27 But the digestibility of these MD depends on the nature of the wall membrane and the binder used. 28 In contrast, larvae at early stages of development make good use only of small molecule protein via pinocytosis. [13] [14] [15] Furthermore, Yúfera et al. reported that protein sources such as albumin induced strong enzymatic inhibition in early sea bream Sparus aurata larvae but casein does not induce noticeable inhibition. 12 In order to produce a satisfactory MD for larvae, we put the emphasis on the manufacturing process and on choosing a suitable protein source of MD.
We chose a peptide made from milk casein as a protein source then combined all the ingredients without any added binder, but it was dependent on peptide and fatty acid-Ca-salt of fish-oil to bind the ingredients. In both experiments, Japanese flounder larvae that were fed on both MD had a markedly improved performance over CD and compared to the unfed larvae that completely died out by 6 d.a.h. Feeding the MD-Q solely via exogenous feeding supported growth and development of Japanese flounder larvae with a relatively good survival rate (20.5%) by 10 d.a.h. It demonstrates that the peptide is a suitable protein source for the early developmental stage larvae. Kurokawa and Suzuki reported that intestinal epithelial cells of Japanese flounder began to synthesize amino peptidase before hatching and possessed nearly a complete capability at 2 d.a.h. (i.e. 1 day prior to the start of exogenous feeding). 29 First-feeding larvae have been shown to have amino peptidase for hydrolyzing peptides to amino acids in the final process of protein digestion. In comparison with larger molecule protein, peptides are easier to digest and assimilate by early developmental larvae. Kanazawa also demonstrated that the addition of oligo-peptides into MD induced growth acceleration for Japanese flounder larvae. 30 Data also showed that the growth and survival rate of larvae fed MD-Q were superior to those of larvae receiving MD-T, but that these effects of peptide on growth and survival rate diminished as larvae developed. Owing to the development of the larval digestive system, larger-molecule peptides may be more available as they grow. Therefore, a mixture of peptide C800 with C700 may be more effective for larvae at early stages of development than for older larvae.
The delayed development of larvae was found either in the MD or cofeeding treatments in contrast to the LF treatment. However, because the developmental stage is related to size, it is clear that slow growth leads to a delay in the development of larvae. Thus larval growth and development are important to evaluate feeding experiments.
These results indicate the potential of the newly designed MD-Q as a total replacement for LF from first-feeding. However, a complete replacement diet with similar growth and survival from firstfeeding to 10 d.a.h. on LF has not been achieved. Further improvements in the formulation of the newly designed MD such as its acceptability and optimum mixture ratio of peptides in MD are essential for successful culture of the early stages of Japanese flounder larvae.
